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Abstract 
Different multidisciplinary design optimization (MDO) problems are formulated and compared. Two MDO formulations are 
applied to a sounding rocket in order to optimize the performance of the rocket. In the MDO of the referred vehicle, three disciplines 
have been considered, which are trajectory, propulsion and aerodynamics. A special design structure matrix is developed to assist data 
exchange between disciplines. This design process uses response surface method (RSM) for multidisciplinary optimization of the rocket. 
The RSM is applied to the design in two categories: the propulsion model and the system level. In the propulsion model, RSM deter-
mines an approximate mathematical model of the engine output parameters as a function of design variables. In the system level, RSM 
fits a surface of objective function versus design variables. In the first MDO problem formulation, two design variables are selected to 
form propulsion discipline. In the second one, three new design variables from geometry are added and finally, an optimization method 
is applied to the response surface in the system level in order to find the best result. Application of the first developed multidisciplinary 
design optimization procedure increased accessible altitude (performance index) of the referred sounding rocket by twenty five percents 
and the second one twenty nine. 
Keywords: multidisciplinary design optimization; sounding rocket; central composite design; response surface method; equation of mo-
tion of a rocket 
Nomenclature: 
M Total mass of the rocket 
mpr Mass of the fuel 
mmot Total mass of the motor 
vcx, vcy , vcz  Velocity of  the rocket in body frame 
xω , yω , zω   Angular velocity of the rocket in body frame 
Vx,Vy,Vz 
Velocity of the rocket in reference 
frame 
x, y, z 
Position of the rocket in reference 
frame1 
γ , θ , ψ  Angular position of the rocket in refer-
ence frame 
Jx, Jy, Jz Inertial moment of the rocket  
                                                 
*Corresponding author. Tel.:+9821-77791044. 
E-maill address:roshanian@kntu.ac.ir 
Gx, Gy, Gz Components of gravity force 
Px, Py, Pz  Components of  thrust force 
X, Y, Z Components of  aerodynamic force 
Fkx, Fky, Fkz Components of  Coriolis force 
MAx, MAy, MAz Components of  aerodynamic moment
MPx, MPy, MPz Components of  thrust moment 
Mkx, Mky, Mkz Components of  Coriolis moment 
M Mass flow 
Pex Pressure in the exiting area of engine 
Vr The velocity of burning product 
aex Exit area of motor 
P Pressure of atmosphere 
ρ  
lmot 
Density of atmosphere 
Length of motor 
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 1  Introduction 
Aerospace vehicles generally require input of 
design variables from a variety of traditional aero-
space disciplines such as aerodynamics, structure, 
propulsion, performance, cost and trajectory. 
Therefore, traditional optimization methods can not 
always be applied, because they use variables from 
one discipline only. Multidisciplinary techniques are 
required for this class of design problems[1]. In other 
words, multidisciplinary design optimization (MDO) 
provides a collection of tools and methods that per-
mit the trade-off between the disciplines involved in 
the design process. MDO methods also consider 
interdisciplinary interactions to achieve better over-
all system, i.e. MDO is a process that accounts for 
the effects of interactions of several disciplines[2, 3]. 
The applications of MDO method in the design 
of launch vehicles has been increasing at recent 
years as the designers applied the MDO method to 
acquire better design. One of the applications that 
NASA has been working on for several years is the 
design of fully reusable launch vehicles (RLV). The 
design of RLV is a multidisciplinary process which 
requires analysis of aerodynamic, propulsion, 
weight, cost, trajectory and configuration. The ob-
jective of the RLV design is to determine the setting 
variables that will minimize the vehicle dry 
weight[4-7]. The RLVs are classified as single- stage- 
to-orbit (SSTO) and two-stage-to-orbit[8]. The MDO 
is used in the design of SSTO in order to select the 
best configuration with respect to important vehicle 
parameters like dry weight and operational com-
plexity[9-11]. A special SSTO designed recently is the 
rocket-powered-combined-cycle single-stage-to-orbit 
(RPCC-SSTO)[12,13]. The design of the RPCC- SSTO 
is a highly multidisciplinary process. 
An alternative application of MDO is the opti-
mization of multistage launch vehicle design de-
veloped at EADS-LV[14].EADS-LV has been de-
signing launchers for many years. 
Analogues to the other launch vehicles, the de-
sign of a sounding rocket requires considering mul-
tiple disciplines and their interactions. In this paper, 
the multidisciplinary design optimization of a 
sounding rocket is formulated using RSM for the 
first time. A sounding rocket is a research rocket 
that launches equipment into the upper atmosphere 
on a suborbital trajectory to take measurement and 
returns to the surface. They are basically comprised 
of two parts; a solid fuel rocket motor and the pay-
load. The payload is the section which carries the 
instruments to perform the experiment and send the 
data back to earth. These rockets allow scientists to 
conduct investigations at specified times and alti-
tudes. 
In this paper, “RX-250-LPN” sounding rocket 
design is optimized, considering the multidiscipli-
nary nature of the problem and by applying RSM. 
Propulsion, aerodynamic and trajectory are involved 
in the multidisciplinary design. The disciplines are 
modeled, and the data are exchanged between the 
disciplines. Multidisciplinary analysis is performed 
for every selected combination of design variables, 
and the results of the analysis are recorded. Then, 
response surface method is used to fit a surface over 
the obtained results. 
In this work, RSM is applied in two categories: 
in the propulsion model and in the system level. Re-
gression analysis is then used to determine the re-
sponse equations. An optimization method is applied 
to the response surface at system level in order to find 
the best combination of design variables such that the 
maximum altitude of the rocket is obtained. 
2  Response Surface Method 
The optimization of the reference sounding 
rocket employs a response surface method 
originally developed by Box and Wilson[15]. The 
RSM utilizes central composite design (CCD) to 
efficiently characterize a parameter space using 
statistically selected experiments. CCD employs 
orthogonal arrays from the design of experiment 
theory to study a parameter space with a signifi-
cantly small number of experiments[16, 17]. 
Reference[18] summarizes an application of Taguchi 
methods to launch vehicle parametric design. CCD 
utilizes first-order models augmented with 2n+1 
additional experiments. CCD is designed to be able 
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experiments. CCD is designed to be able to fit a 
model that captures all of the two variable interac-
tions, all of the linear terms and all of the second 
order terms[17]. For the CCD of a system with two 
design variables, consider the following equation 
which describes the model as a function of design 
variables 
2
0 1 2 3 4y A B AB Aβ β β β β= + + + +  
where A and B are design variables and y is the ob-
jective function to be optimized, β are the coeffi-
cients of the equation which determine the effect of 
each term. The appropriate CCD design is shown in 
Table 1. 
Table 1  CCD design with two variables 
Run A B 
1 -1 -1 
2 -1 1 
3 1 -1 
4 1 1 
5 -α1 0 
6 Α1 0 
7 0 -α2 
8 0 α2 
9 0 0 
The value of α1 and α2 can be selected arbitrary. 
The resulting data of above experiments are then 
analyzed using regression analysis techniques to de-
termine the output response surface as a function of 
the input variables. Afterwards, the resulting general-
ized response surface equation is statistically analyzed 
for lack of fit. Subsequent to that, the optimum result 
and the values of design variables are determined us-
ing nonlinear optimization techniques. Finally, a veri-
fication experiment is performed to determine the pre-
dictive capability of the model [9]. The CCD, regres-
sion technique, RSM design and optimization method 
are shown in Fig.1. 
Fig.1  Response surface method 
The RSM optimum is not limited to the best 
combination of the different levels of all the vari-
ables. Therefore, RSM allows more accurate solu-
tion of optimization problems. By comparing RSM 
with other MDO methods such as the collaborative 
methods, it is obvious that the RSM is better than 
the collaborative methods for a few number of de-
sign variables[4].Using RSM is not suitable for dis-
crete variables[12]. 
3  Design Problem Statement 
In this paper, the MDO method is applied to 
the “RX-250-LPN” in order to optimize the accessi-
ble altitude of the rocket with two different problem 
formulations. For design optimization of the rocket, 
several disciplines should be considered acting 
interactively which are stated below. MDO takes 
into account the propulsion, trajectory, and aero-
dynamic disciplines in the design of the rocket. The 
design requires proper consideration of the effects 
of each discipline on the vehicle and their 
interactions. Each discipline’s codes are written in 
MATLAB m.file and then they are integrated in a 
design structure matrix. Once each of the codes is 
properly setup, one could easily link the inputs and 
outputs of the three disciplines to each other within 
the design structure matrix. Several Parallel efforts 
have been and are being undertaken to identify an 
information framework and design structure matrix 
for integrated design[19]. The proposed design 
structure matrix including disciplines and the flow 
of data between the disciplines is shown in Fig.2. 
 
Fig.2  Design structure matrix 
At first the design variables are the rocket en-
gine thrust and burning time. Two design variables 
are changed simultaneously and for each combina-
tion of the variables, the multidisciplinary analysis 
are performed and the results are recorded. Sec-
ondly three new design variables from geometry 
namely diameter of the rocket, wing span and wing 
root are also added. In more details two variables 
formulation is applied as below:  
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The two variables of design vector are fed to 
the propulsion discipline. The outputs of propulsion 
discipline are the mass of fuel, the total mass of en-
gine, the length of the engine, engine’s area, the 
velocity of burnt products and the pressure in the 
exit area of the engine. The outputs of propulsion 
discipline are fed to the aerodynamic and trajectory 
disciplines. 
Aerodynamic discipline gets variables from 
propulsion and trajectory disciplines. The length of 
engine and the area of engine, Mach number and 
angle of attack are input variables to the aerody-
namic model. Output variables of aerodynamic 
model consist of aerodynamic coefficients and cen-
ter of pressure. Output variables of the aerodynamic 
discipline are fed to the trajectory discipline. 
Trajectory discipline receives input variables 
from the propulsion and aerodynamic disciplines. 
Velocity of burning product, pressure in the exiting 
area, the mass of fuel and the total mass of the en-
gine, aerodynamic coefficients and center of pres-
sure are used as input variables to trajectory disci-
pline. Mach number, angle of attack, angular and 
linear velocity and position of rocket in the refer-
ence frame are output variables from trajectory dis-
cipline. 
At several selected values of thrust and burning 
time according to CCD requirements, the multidisci-
plinary analysis is performed. The analysis proceeds 
from one discipline to the next with data being ex-
changed between them. In fact, variables are passed 
from one discipline to the other. The results of the 
analysis are recorded, and then they are used to find a 
response surface for the design space. 
In this paper, response surface is applied in two 
levels: in the propulsion analysis and in the system 
level. Therefore, the output variables of the propul-
sion model can be expressed as an approximate 
mathematical model of the design variables. In the 
following, each discipline and its input and output 
parameters are described. 
3.1  Trajectory 
The flight profile of a sounding rocket follows 
a parabolic trajectory. Subsequent to launch and as 
the rocket motor has used up its propellant, it sepa-
rates from the vehicle. The payload continues its 
journey into space after separation from the motor 
and begins conducting the experiments. When the 
experiments are completed, the payload returns to 
earth. 
In this paper, the six-degrees-of-freedom model 
of the rocket is analyzed[20]. The code of the trajec-
tory analysis is written in MATLAB m.file. The 
equations of rocket motion are as follows 
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These equations of motion are written in the 
body frame. The following equations are used to 
convert the position of the rocket form the body 
frame to the reference frame: 
c c
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⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪− ⎪⎪= − + + ⎭
 (2) 
In the trajectory code, the equations of motion 
are numerically integrated from an initial to a ter-
minal set of state conditions. 
The forces applied to the rocket during the 
flight consist of thrust, drag, lift, gravity and coriolis 
forces. The coriolis forces are very small and can be 
considered negligible. The moment applied to the 
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rocket is only the aerodynamic moment and the 
other forces pass through the center of mass. There 
is no controlling program in the sounding rocket 
and the aerodynamic moment causes the rotation of 
the sounding rocket about its center of mass.  The 
thrust forces are calculated as follows 
r e e( )
0
0
x x x
y
z
P mV a P p
P
P
⎫= + − ⎪= ⎬⎪= ⎭
         (3) 
In the above equation, the mass flow (m), ve-
locity of burning product (Vex), engine’s area (aex) 
and the pressure in the exiting area of engine (Pex) 
are read from the propulsion discipline for any se-
lection of engine. P is the atmospheric pressure 
which is read from the atmospheric model. 
The aerodynamic forces are calculated as fol-
lows 
2
a a e
a a e c
0.5( cos sin )
0.5( sin cos ) / sin
0
x y x
x y x y
X C C a v
Y C C a vv
Z
α α ρ
α α ρ α
⎫= − − ⎪= − + ⎬⎪= ⎭
 (4) 
axC  and a yC are aerodynamic coefficients which are 
read from the aerodynamic discipline during the 
flight and for any selection of motor. ρ  is the den-
sity of the atmosphere which is read from atmos-
pheric model. 
The pressure and density of atmosphere are 
read from standard table of atmosphere[20]. Then 
these data are used to create the atmospheric 
model. The atmospheric model is written in 
MATLAB m.file and the data of the standard table 
are used to create a polynomial. The order of 
polynomial determines the accuracy of the model. 
Therefore, the model can be expressed in poly-
nomials as functions of pressure and density of 
the atmosphere and in any altitude, the pressure 
and density of atmosphere can be calculated from 
polynomials and sent to the trajectory equations. 
By integrating the above equations of motion, 
the trajectory of rocket can be determined. For ex-
ample,the trajectory of rocket for thrust is 12 500 N 
and burning time is 45.3 s, is shown in Fig.3. The 
trajectory is shown upon apogee point. 
 
Fig.3  Trajectory of the rocket upon to apogee point 
3.2  Propulsion 
The “RX-250-LPN” sounding rocket uses a 
solid fuel motor. The RSM described earlier is used 
to model the propulsion discipline. The design 
variables are the burning time and the thrust of the 
engine. First, the CCD method discussed earlier is 
used to statistically select which values of design 
parameter must be examined to adequately charac-
terize the parameter space. For 2 design variables, 9 
combinations are determined, thus 9 experiments 
must be performed. A solid propellant motor design 
software (SPRMD) which is developed at MDO 
laboratory of K.N.Toosi University is used to calcu-
late the output variables of propulsion model at each 
design point. Table 2 shows the output variables 
obtained for each design point. 
Table 2  Outputs of the motor design code 
thr/N tburn/s Vr /(m·s-1) aex /m2 Pex /(N·m-2) mpr /kg mmot /kg lmot /m 
12 000 44 2 416  0.039 7 15 147.3 209.75 250.9 3.272 
12 000 46 2 244.9 0.29 24 482 237.66 276.9 3.608 
14 000 44 2 367.5 0.039 7 17 197 243.98 322.52 3.917 
14 000 46 2 367.1 0.039 7 18 020 255.1 344.39 4.07 
10 000 45 2 363.1 0.027 4 15 796 185.9 255.54 2.87 
16 000 45 2 360.6 0.027 8 17 165 263.2 351.6 4.31 
13 000 43 2 404.4 0.039 7 16 124 218.5 262.1 3.42 
13 000 45 2 406.4 0.039 7 17 486 238.9 284.2 3.72 
13 000 47 2 405.6 0.039 7 17 159 228.8 273.9 3.56 
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The results of Table 2 are used to create a re-
sponse surface in order to obtain the output vari-
ables of the propulsion model as a mathematical 
function of the two input variables. Therefore, in 
every desired value of thrust and burning time, out-
put variables can be computed. 
For example, a response surface of burning 
product’s velocity versus design variables can be 
obtained.  Regression techniques are used in order 
to fit the response surface over the data in Table 2. 
This surface is shown in Fig.4. 
 
Fig.4  Response surface of velocity 
The approximate mathematical model of veloc-
ity of burning products is as follows 
e
2 2
2 358 9.027thr 27.92
   0.298thr 256thr 38.07
xV t
t t
= + − −
+ ⋅ +      (5) 
As shown, this model for the velocity of burn-
ing product in the exit area of the motor is a func-
tion of two input variables individually, the interac-
tion between them and the second order of two in-
put variables. Fig.5 shows the predictive capability 
of the model. The predictive figure shows the dif-
ference between the actual and predicted data and 
the accuracy of fitting. 
Fig.5  Difference between actual and predicted data 
The standardized residual of fitting is 
 e ,predicted e ,actualresidual%
100
x xV V−=       (6) 
The standardized residual of velocity is show in 
Fig.6. As can be seen from Fig.6, the maximum re-
sidual of fitting is 4%; therefore the accuracy of 
fitting response surface is acceptable. 
Fig.6  Residuals of predicted points 
The same method is used for the other output 
variables of propulsion model. The mathematical 
models of output variables are as follows 
ex
2 2
mot
2 2
e
2
18 735.519 41.631 8thr 2 146.95
    2 117.93thr 127 67.55thr 1 622.07
3.698 0.74thr 0.181 5
         0.096 5thr 0.275thr 0.1
0.038 5 0.001 62thr 0.001 783
     0.0109 8thr 0.
x
P t
t t
l t
t t
a t
= − + +
− ⋅ −
= + + −
− ⋅ −
= + − −
+
mot
2 2
2
pr
2
016 05thr 0.000 983
295.33 70.54thr 15.345
        4.898thr 6.195thr 17.98
236.44 38.67thr 13.3 11.23thr
    25.185thr 6.25
t
m t
t t
m t
t t
⎫⎪⎪⎪⎪⎪⎪⎪⎬⋅ + ⎪⎪= + + − ⎪− ⋅ − ⎪⎪= + + − − ⎪⎪⋅ − ⎭
 (7) 
Hence, for any desired values of thrust and 
burning time, other engine parameters and their er-
ror can be calculated from the above equations.  
These output variables are fed to the trajectory and 
aerodynamic disciplines, which in turn affect the 
output variables and characteristics of the other dis-
ciplines. 
3.3  Aerodynamic 
The  ae rodynamic  mode l  ca lcu la tes  
aerodynamic coefficients and center of pressure of 
the rocket. These coefficients are fed to trajectory 
model in order to calculate aerodynamic forces and 
moments. 
The input variables to the aerodynamic disci-
pline are Mach number, angle of attack and con-
figuration of the rocket. Configuration characteris-
tics of the rocket consist of payload shape, finsets, 
and motor size. The payload shape and finsets are 
considered constant, but the size of motor varied 
since the characteristics of engine is changing. The 
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size of motor includes the length of motor (lmot) and 
the exiting area of the motor, which are output 
variables from the propulsion discipline. The pre-
liminary configuration (schematic) of the rocket is 
shown in Fig.7. 
Fig.7  Configuration of the rocket 
As can be seen from Table 2, there are different 
values of motor length and the exit area. Also, aero-
dynamic properties have to be estimated with different 
Mach numbers and angle of attack during the flight. In 
order to obtain these coefficients for any value of lmot 
and aex and any conditions of flight, a 4D interpolation 
must be performed between different motor lengths, 
exit areas, angles of attack and Mach numbers. 
The aerodynamic model must be analyzed for 
the every combination of lmot and aex which are pre-
sented in Table 3. Therefore, the aerodynamic model 
must be performed 27 times to calculate aerodynamic 
coefficients for selected configurations in Table 3 and 
different flight conditions. Then the results of these 27 
runs are recorded and used for interpolation. The 
aerodynamic coefficients are functions of lmot, exa , 
α and Mach number. 
a mot e
a mot e
( , , , )
( , , , )
x x
y x
C l a Ma
C l a Ma
α
α           (8) 
Table 3  Combinations of exit area and length of motor 
for aerodynamic calculations  
Step 1 Step 2 Step 3 
aex /m2 lmot /m aex /m2 lmot /m aex /m2 lmot /m
2.87 2.87 2.87 
3.272 3.272 3.272
3.42 3.42 3.42 
3.56 3.56 3.56 
3.608 3.608 3.608
3.72 3.72 3.72 
3.917 3.917 3.917
4.07 4.07 4.07 
0.027 4 
4.31 
0.029 6 
4.31 
0.0397 
4.31       
For example, for Ma=1, and aex=0.027 4, the 
drag coefficients with different angles of attack and 
motor lengths are shown in Fig.8. For lmot=3.42 m, 
the drag coefficients with different motor areas and 
angles of attack are shown in Fig.9. 
 
Fig.8  Drag coefficients for Ma=1, d=0.178 
Fig.9  Drag coefficients for Ma=1, lmot=3.42 
For any selection of motor parameters with any 
flight condition, these coefficients can be obtained 
and used as input variables to the trajectory model. 
4  Altitude Optimization 
4.1  Two design variables formulation 
For selected combination of two design vari-
ables in Table 2, which are in accordance with CCD 
experiments, multidisciplinary analysis is performed 
and the altitude of the rocket is obtained. The results 
of the analysis are shown in Table 4. The selected 
values of α1 and α2 are relatively large such that a 
larger design space can be considered. 
Table 4  Altitude of the rocket for selected values of de-
sign variables 
thr/N t/s h(altitude)/km 
12 000 44 67 637 
12 000 46 80 962 
14 000 44 52 428 
14 000 46 45 764 
10 000 45 79 189 
16 000 45 56 434 
13 000 43 71 368 
13 000 45 54 918 
13 000 47 63 918 
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In order to obtain the best combination of 
design variables, a response surface must be 
fitted to the obtained results. The response sur-
face of altitude versus thrust and burning time 
is shown in Fig.10.  
Fig.10  Response surface of accessible altitude 
The approximate mathematical model of alti-
tude is as follows 
2 2
61 618.63 16 181.3thr 4 373.16
    6 000thr 29 983.5thr 1 093.86
H t
t t
= − − +
− ⋅ +    (9) 
From the above equation, the altitude of the 
rocket can be obtained for any selection of motor 
with any value of thrust and burning time. The dif-
ference between actual altitude and the predicted 
altitude, and the standardized residuals are shown in 
Figs.11 and 12 respectivly. 
Fig.11  Predicted altitude 
Fig.12  Residuals of fitting 
A useful measure of the quality of a design is 
its prediction error variance (PEV). The PEV sur-
face is an indicator of how capable the design is, in 
estimating the response of the underlying model. In 
the Fig.13, the graph of PEV is shown. This shows 
where the response predictions are best. This design 
predicts well in the center and the middle of the 
faces, but has the highest error in the corners. How-
ever the corner errors are still small; the best way to 
improve the design is to delete the corner points. As 
can be seen in the figure, two corner points are de-
leted, and the error of fitting reduces from 7% to 
4%. 
Fig.13  Variance of predicted error 
After the response surface is determined, an op-
timization method is applied in order to determine the 
maximum point. The optimizer is a gradient method 
that must be started from an initial estimation. There-
fore, an initial value must be guessed for the thrust and 
burning time. Fig.14 is a contour plot of the response 
surface, which facilitates guessing the initial value of 
the design variables. 
Fig.14  Contour plot of altitude 
As can be seen from the figure, the maximum 
altitude point is near two points: thr=15 500 N, t=  
43 s and the other point is near the thr=11 000 N, 
t=46 s.Therefore the gradient method applies twice 
starting from these two points. The results of these 
two gradient methods are as follows 
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max
max
thr 15 008, 43.6 87 498
thr 10 900, 46.4 88 052
t H
t H
= = ⇒ =⎧⎨ = = ⇒ =⎩
 
By comparing the above results, thr=10 900 N 
and t=46.4 s are accepted. By this combination of 
the design variables, the best altitude of the rocket is 
obtained. The optimum design solution is presented 
in Table 5. 
Table 5  Optimum design point for motor 
thr/N 10 900 
t/s 46.4 
lmot/m 3.345 1 
Pex /(N·m-2) 24 691 
Vr /(m·s-1) 2 225.2 
aex/m2 0.023 3 
mmot /kg 248.5 
mpr /kg 222.56 
 4.2  Five design variables formulation 
 For selected combination of five design variables 
in Table 6, which are in accordance with CCD ex-
periments, multidisciplinary analysis is performed and 
the altitude of the rocket is obtained. The results of the 
analysis are shown in Table 6. The same procedure for 
the five selected design variables is repeated. 
 The mathematical models of outputs for five 
design variables formulation problem are as follows 
 
e
2 2
2
mot
2
e
2
187 35.519 41.631 8thr 2 146.95
  2 117.93thr 12 767.55thr 1 622.07
3.698 0.74thr 0.181 5 0.096 5thr
       0.275thr 0.1
0.038 5 0.001 62thr 0.001 783
        0.010 98thr 0.0
x
x
P t
t t
l t
t t
a t
= − + +
− ⋅ − ⋅
= + + −
− ⋅ −
= + − −
+
2
mot
2
2
e
2
2
pr
16 05thr 0.000 983
295.33 70.54thr 15.345 4.898thr
        6.195thr 17.98
2 358 9.027thr 27.92 0.298thr
         256thr 38.07
236.44 38.67thr 13.3 11.23thr
            25.185
x
t
m t
t t
V t
t t
m t
⋅ +
= + + − −
⋅ −
= + − −
+ ⋅ +
= + + − −
2thr 6.25t t⋅ −
(10) 
 The approximate mathematical model of alti-
tude is as follows 
max
2
2
67 418.19 1 097.90 6 162.22
 32.085 2 082.88 1 734.70 19 687.5011
 7 809.51 9 731.45 4 665.60
 13 532.55 9 057.55 10 187.864
 2 597.58 280.58 498.92 824.94
 2780.5 62
H A B
C D E AB
AC AD AE
BC BD BE
CD CE DE A
B
= + − −
+ + −
− − − +
− − −
+ + − +
+ 2 2 218.53 5534.56 743.91C D E+ −
 
(11) 
Table 6  Altitude of the rocket for selected values of 
5 design variables 
 After the response surface is determined, an 
optimization method is applied in order to deter-
mine the maximum point. The optimizer is a gradi-
ent method that must be started from an initial esti-
mate. Therefore, an initial value must be guessed for 
the thrust and burning time. 
The new available maximum for altitude is 
Hmax= 96 837 m. 
Some response surfaces for the new case study 
are presented in the Figs.15, 16 and 17. Fig.17 is a 
Hmax/m Thrust/N  Time/s D/(m·s-1) r/mm Sspan/mm 
64 113 82 43.172 45 25 48 105 
52 356 11 000 43 20 40 100 
85 412 11 000 43 20 40 110 
80 321 11 000 43 20 56 100 
83 471 11 000 43 20 56 110 
56 478 11 000 43 30 40 100 
63 891 11 000 43 30 40 110 
67 415 11 000 43 30 56 100 
59 257 11 000 47 20 40 110 
60 287 11 000 47 20 56 100 
75 214 11 000 47 30 40 100 
78 963 11 000 47 30 40 110 
73 258 11 000 47 30 56 110 
66 327 13 000 40.243 25 48 105 
68 741 13 000 45 13.108 48 105 
76 124 13 000 45 25 28.973 105 
74 231 13 000 45 25 48 93.108 
64 892 13 000 45 25 48 105 
69 312 13 000 45 25 48 105 
61 589 13 000 45 25 48 105 
52 148 13 000 45 25 48 105 
59 366 13 000 45 25 48 105 
58 741 13 000 45 25 48 116.892 
69 852 13 000 45 25 67.027 105 
78 693 13 000 45 36.892 48 105 
74 231 13 000 49.757 25 48 105 
76 931 15 000 43 20 40 100 
84 216 15 000 43 20 40 110 
87 364 15 000 43 20 56 100 
82 145 15 000 43 30 40 100 
80 222 15 000 43 30 40 110 
76 285 15 000 43 30 56 110 
68 536 15 000 47 20 40 100 
65 148 15 000 47 20 40 110 
63 985 15 000 47 20 56 100 
61 482 15 000 47 20 56 110 
58 597 15 000 47 30 40 110 
55 855 15 000 47 30 56 100 
67 582 15 000 47 30 56 110 
69 234 17 756.83 45 25 48 105 
77 725 12 866.67 44.867 24.667 49.6 105.333 
57 842 15 000 47 30 40 100.667 
77 148 12 866.67 44.867 25.333 47.467 104.667 
76 982 12 866.67 45.133 24.667 48.533 105.333 
702157 13 133.33 44.867 25.333 48.533 106 
62 189 12 866.67 44.867 25.333 48.533 104.667 
72 367 13 133.33 44.867 25.333 49.6 105.333 
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contour plot of the response surface, which facili-
tates guessing the initial value of the design vari-
ables. 
Table 7  Optimum design point for five 
variables formulation  
thr/N 14 974 
t/s 43.35 
lmot/m 3.435 
Pex/(N·m-2) 25 683 
Vr/(m·s-2) 2 237.2 
D/m 28.248 
r/cm 56 
Sspan/cm 222.56 
Fig.15  Response surface of accessible altitude 
Fig.16  Response surface of accessible altitude 
Fig.17  Contour plot of altitude for five variables problems 
5  Conclusions 
Two different multidisciplinary optimization 
formulations are applied to the “RX-250-LPN” 
sounding rocket in order to optimize the accessible 
altitude of the referred vehicle. In the first formula-
tion two design variables from propulsion are se-
lected and the MDO problem is solved. In the sec-
ond formulation three new variables from geometry 
of rocket are added.Three disciplines are contribut-
ing to the design, which are trajectory, propulsion 
and aerodynamic. First, analysis tools are provided: 
the complicated engine design code, aerodynamic 
model for different configurations of the rocket and 
the trajectory model. These analysis tools are pro-
vided by MATLAB and written as m.file codes. 
Then the analyzed models were integrated and in-
corporated in a design structure matrix. This design 
process uses a response surface method for 
multidisciplinary optimization of the referred 
sounding rocket. The RSM is applied in two parts: 
in the propulsion model and in the system level. 
When the response surface is determined in the 
system level, an optimization method which is usually 
a gradient method is used to find the optimum re-
sult. 
For any selection of motor and consequently 
any configuration of the motor, the aerodynamic and 
trajectory codes can be executed to compute the 
output parameters.  Also, by using RSM, the alti-
tude of the rocket can be obtained for every selec-
tion of motor and, be expressed as a function of the 
design variables. 
In the MDO of the rocket in the first formula-
tion, the interactions of three main disciplines are 
considered. By using RSM, the maximum altitude 
of the rocket trajectory increases from 70 000 m to   
88 000 m. By varying the motor of the rocket, the 
configuration of the rocket is varied. The thrust de-
creases from 12 500 N to 10 900 N and the burning 
time increases from 45.3 s to 46.4 s in order to op-
timize the altitude of the rocket. In the second for-
mulation of the MDO problem with the selected five 
design variables higher accessible altitude is ob-
tained. 
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